The Laxmi Ridge is a large-scale basement high buried beneath the sediments of the Indus Fan. The location of the ocean-continent transition (OCT) on this margin has previously been proposed at either the southern edge of the Laxmi Ridge or beyond it towards the India-Pakistan shelf. The former explains the margin-parallel Laxmi Basin as thinned continental crust, the latter as a failed rift of earlier seafloor spreading. To examine the structure of this margin, a reassessment of marine magnetic data has detailed seafloor-spreading magnetic anomalies prior to anomaly 24 in both the Arabian and East Somali basins. The previously identified anomaly 28 is not interpreted as a seafloor-spreading anomaly but as a magnetized basement feature adjacent to, and merging with, the ridge-the Laxmi Spur. New gravity models across the Laxmi Ridge and adjacent margin using ship and satellite data corroborate the existence of underplated crust beneath the Laxmi Ridge and Basin and the location of the OCT at the southern edge of the Ridge. The results are not compatible with the existence of a pre-anomaly 28 phase of seafloor spreading, although large-scale intrusions may be the origin of some of the basement features in the Laxmi Basin. The models also identify the Laxmi Spur as a low-density feature with a natural remanent magnetization (NRM) compatible with serpentinization. The Laxmi Ridge is mapped to the southeast, where it appears to terminate at a point coinciding with the appearance of E-W magnetic lineations and gravity anomalies at 15.5°N. Thereafter it becomes indistinct. This is interpreted as necessary in the reconstruction to the Mascarene Plateau to avoid continental overlap.
INTRODUCTION juncture at 18°N 66°E. This ridge has been interpreted as a The northeastern continental margin of the Arabian Sea was continental sliver forming the boundary between rifted contiformed when seafloor spreading jumped north from the nental crust and oceanic crust with continental tectonic trends Mascarene Basin to separate the Seychelles and India at the extending out to the ridge through the rifted transitional crust end of the Late Cretaceous (McKenzie & Sclater 1971; Naini (Kolla & Coumes 1990; Miles & Roest 1993) . Other workers & Talwani 1983; Norton & Sclater 1979; Schlich 1982) . Its have proposed earlier oceanic-type rifting landwards of this formation was contemporaneous with the Deccan flood basalts ridge to explain the Laxmi Basin, and this remains an outstandevent and was followed by rapid seafloor spreading (Courtillot ing dilemma in any reconstruction to the conjugate Seychelles et al. 1986; Miles & Roest 1993) . The whole margin and (Mascarene Plateau) margin (Bhattacharya et al. 1994 ; Malod adjacent oceanic crust of the Arabian Basin is buried beneath et al. 1997) . the thick sediments of the Indus Fan ( Fig. 1) (Kolla & The main NW-SE limb of the Laxmi Ridge is located some 300 km oceanwards of the Indian continental shelf and extends Coumes 1987) .
Buried within the fan sediments, the Laxmi Ridge is separfor several hundred kilometres parallel to it. The ridge emerges briefly as a positive bathymetric feature between 16°and 18°N, ated from the continental shelf by the Laxmi Basin and consists also seen in the predicted bathymetry compilation of Smith & likely to be associated with the smaller-scale peridotite ridges found on some margins (Whitmarsh & Sawyer 1996) . Seismic . It then diminishes rapidly to become indistinct in the basement structure associated with the volcanic Chagosvelocity information, mainly from sonobuoys (Naini & Talwani 1983) , indicates that both the Laxmi Ridge, with an assumed Laccadive Ridge (C-LR) where this impinges onto the Indian continental margin south of 15°N. No relationship between crustal thickness of over 21 km, and the Laxmi Basin, with an 11 km thick crust, have continental velocity characteristics the C-LR and the Laxmi Ridge has been established other than some similarity in seismic structure at the northern end similar to those found beneath the Indian Shield. The E-W segment of the ridge is narrower and parallels the major of the C-LR where it may be emplaced on thinned continental crust (Naini & Talwani 1983) . Otherwise the C-LR seafloor-spreading magnetic anomalies. Miles & Roest (1993) proposed the Laxmi Ridge to be a has a different crustal structure commensurate with a volcanic emplacement on a thin, young oceanic lithosphere (Ashalatha sliver of continental crust formed at a time of continental rifting. Pandey et al. (1995) , however, suggested that the ridge et al. 1991). The southern part of the Laxmi Basin accommodates the northern end of the C-LR (Fig. 1) .
could be oceanic in origin and formed during a compressive regime between seafloor spreading to the SW and rifting Geophysically the Laxmi Ridge is an enigma. It differs from other oceanic features, aseismic ridges and continental plateaus associated with the Deccan volcanism to the NE. They proposed that this rifting associated with the Deccan volcanic by being associated with a negative free-air gravity anomaly, whilst being almost completely buried by sediments. This is episode would explain the widespread crustal underplating. It can also be argued that the seismic data do not exclude the unusual for a positive basement feature and would be more possibility of the feature being a peridotite ridge. Additional can define velocity gradients and enable some differentiation to be made between first-order velocity discontinuities and gravity models by Pandey et al. (1996) proposed that the emplacement of the crustal underplating extended beneath the changes in velocity gradient. This becomes important when interpreting whether the Laxmi Ridge, or part of it, could be adjacent margin and oceanic crust at the time of continental break-up. They located the ocean-continent transition landa significant peridotite emplacement, compatible with a negative gravity anomaly and an increase in velocity with depth, wards of both the Laxmi Ridge and the Laxmi Basin. Their model also only extends oceanwards to the Laxmi Ridge and and no Moho reflection. The Moho is not seen in the Laxmi Ridge seismic data (Naini & Talwani 1983) , but this could be does not explain the relationship of the underplating to the adjacent normal oceanic crust of the Arabian Basin to the a function of the energy source. Another limitation is that some of the seismic lines were not reversed, which restricts southwest, which has a normal oceanic-crust velocity structure (Naini & Talwani 1983) .
control over velocities measured in non-horizontal layers. In order to clarify the location of the ocean-continent transition west of India relative to the Laxmi Ridge and to LAXMI RIDGE BASEMENT MORPHOLOGY relate this to the north Seychelles margin, it was necessary to reappraise the geophysical data and seafloor-spreading mag-A contour chart of depth to basement in seconds two-waytime (twt) is shown for the northern end of the Laxmi Ridge netic anomalies. The nature and extent of the SE Laxmi Ridge is significant in these discussions, and this paper addresses the in Fig. 3 . It was compiled from cruises Darwin 20 and 27 and Conrad 1707 seismic reflection profiles. The chart shows where seismic structure of the margin and the seafloor-spreading magnetic anomalies adjacent to it, and interprets magnetic and the ridge turns E-W. The buried relief here rises to 1.5 s twt, diminishing to the west where it disappears towards the gravity transects across the Laxmi Ridge.
Murray Ridge. Two smaller ridges flank the E-W segment of the Laxmi
SEISMIC STRUCTURE
Ridge. The southern one, termed here the Laxmi Spur (Fig. 3) , emerges from the juncture of the two segments of the Laxmi Naini & Talwani (1983) Miles & Roest (1993) (Fig. 6 ). The northern ridge correlates with the Palitana Ridge bounds of normal oceanic crust of age 127-59 Ma (White et al. 1992) . Each data set is plotted with the basement at zero detailed by Malod et al. (1997) and proposed as anomaly 29.
The structure of the SE Laxmi Ridge has not been well depth, in these cases taken nominally as those velocities greater than 4 km s−1. Fig. 2 shows that the Arabian Basin can be mapped. Here the location of the observed shallowing of basement marking the SW flank of the ridge has been traced reasonably interpreted as oceanic crust, although with a shallow Moho. However, both the Laxmi Ridge (Fig. 2b) and the on the available seismic reflection profiles. The ridge is wider along this segment, with the Laxmi Basin more clearly develLaxmi Basin (Fig. 2c ) have velocities too low at depths greater than 4 km to be normal oceanic crust. Both Pandey et al.
oped. The seismic reflection profiles used to construct the isopach chart and control the gravity models below show that (1996) for the Laxmi Ridge and Basin and Kaila et al. (1990) for the adjacent continental lithosphere suggested that the the structure of the ridge seen to the north of 16°N is different from that further south where little or no seabed expression seismic results can be explained by crustal underplating. Fig. 2 (e) compares the Laxmi Ridge structure with exists after an abrupt change between two of the Conrad 1707 tracks at 15.5°N (Naini & Talwani 1983; Fig. 7) . velocity/depth profiles found at rifted continental margins where some underplating is known to exist and that were formed in the proximity of a hotspot, in this case the Hatton GRAVITY ANOMALIES Bank and Voring Plateau margins adjacent to the Iceland hotspot. These margins show seaward-dipping reflector
To complement the revision of the seafloor-spreading magnetic anomalies it was considered pragmatic to review the gravity sequences that are also common to the NE Arabian Sea margin (Hinz 1981) . The Laxmi seismic profile is not incompatanomalies of the Laxmi Ridge and Basin with 2.5-D models; that is, with some control of the extent of the structures ible with these other data sets as it was formed close to the Réunion hotspot. The Hatton Bank margin profiles are plotted orthogonal to the profiles. The gravity anomaly associated with the northern and E-W segments of the Laxmi Ridge was in Fig. 2 (f ) together with those of the Laxmi Basin to illustrate the possible correlation between the structure of the two compiled from shipboard measurements by Miles & Roest (1993) . A complete chart of the same area derived from satellite margins. For comparison, Fig These velocity/depth profiles indicate the structural differdata are comparable with shipboard measurements and cover the area more completely. The satellite altimetry gravity anomences between the different regions of this margin, but they do not emphasize the margin-parallel variations that exist, particualy for the complete Laxmi Ridge is also shown as a pixel image in Fig. 5 . The gravity low of approximately 50 mgal larly in the Laxmi Basin. However, in association with other geophysical constraints, these profiles can be interpreted to extends along the ridge but noticeably narrows along the E-W segment. A gravity low with a buried basement ridge indicates eliminate options to help give an integrated geophysical interpretation. One major limitation is that these data were significant mass deficiency at depth, which led to the previous interpretations that it could be a continental sliver bounding interpreted from traveltime measurements alone, and not from amplitude modelling using synthetic seismograms. The latter oceanic crust (Miles & Roest 1993) . (1984) . The Laxmi Ridge velocity/depth profile (bold line) is also compared with (d) hotspot and aseismic ridges (Whitmarsh et al. 1990) and (e) hotspot margins (Voring Plateau and NW Rockall) (Mutter et al. 1984; White 1992) . In (f ) the Laxmi Basin is compared with the Hatton Bank margin ( bold lines) (White et al. 1987 ).
The gravity data have been used to interpolate between the field, but in particular has a distinct gravity high in the northern part corresponding to the Indus Basin. seismic reflection profile picks of the Laxmi Ridge boundary; that is, where the relatively flat oceanic basement is first seen to shallow. This has been particularly relevant on the oceanic GRAVITY MODELS side of the ridge and in defining its lateral extent (Fig. 5) . The general gravity low associated with the ridge does not extend
The three gravity lines that have been modelled are located in Fig. 1 . Lines 4 and 5 are from Darwin 20; line N is from to all the adjacent structural features, notably the Laxmi Spur. Fig. 5 shows the continuity of the ridge anomaly low breaking Conrad 1707. Bathymetry along the profiles was taken from the cruise data files either as corrected depth (m) or uncorrected up towards the SE again, at 15.5°N at an E-W gravity high that correlates with a clearly defined magnetic lineation. The depth (s) twt and extrapolated beyond the ends of the tracks using bathymetric data from Naini & Talwani (1983) and ridge then begins to disappear at 14.8°N. The Laxmi Basin shows some margin-parallel structure to the gravity anomaly GEBCO. Depth to basement (s) twt was read off the seismic reflection record sections. For the Darwin data this was the Laxmi Basin proper (Fig. 1) . It is located far enough north of the C-LR to be unaffected by any structural influence. Satelliteoriginal single-channel monitor records and for Conrad, copies of photographic archive. To compute sediment thickness the altimetry-derived gravity data has enabled the ship gravity profile to be extended onto the Indian shelf and shield sediment seismic velocity profiles of Naini & Talwani (1983) were plotted together from the seabed. A generalized function ) to control the model better, with bathymetry and sediment thickness data from Naini & Talwani of 1.747 m s−2 was measured from these data for the sediment velocity gradient to 2.3 s twt (3 km) and thereafter a velocity (1983) . This is the widest section of the Laxmi Ridge. The thickness of the oceanic crust is constrained at 11.7 km, as in of 3.61 km s−1 was used. This reflects some of the observed deep-sediment velocities in these data and determines sediment all the models after Naini & Talwani (1983) . Three other seismic controls exist along this line: two on the Laxmi Ridge densities between 2.2 Mg m−3 for the upper layers and 2.5 Mg m−3 at depth after Yegorova et al. (1997) . The offshore and one adjacent to the basement high in the Laxmi Basin. The other seismic controls show the regional average for the Indus Basin, which exists seawards of the continental shelf break at the northern end of lines 4 and 5, was modelled as a Laxmi Basin. Average values for the Laxmi Ridge and Basin were used in the absence of local data. 200 km 2.5-D structure following the sediment thickness chart of Naini & Talwani (1983) . The velocity-density relationships
The result (Fig. 6c) shows that underplated crust (2.95 Mg m−3) corresponding to the observed (approximately of the continental and oceanic crust were taken from Ludwig et al. (1970) , Christensen & Salisbury (1975) and Barton (1986) 7.15 km s−1) velocity beneath the Laxmi Ridge and Basin, in agreement with Pandey et al. (1995) , can model the observed using the velocities from Naini & Talwani (1983) and Pandey et al. (1995) . These are given in Table 1 . In modelling the gravity. This underplated 'root' of the Laxmi Ridge extends to 19 km. The Laxmi Basin basement high also requires a mass profiles these densities were not changed, because the overall geophysical control, particularly the thickness of the crust, was deficiency at depth to fit the observed anomaly wavelengths. The Laxmi Basin is interpreted as rifted, thinned, continental insufficient to make detailed iterations significant. Where available, seismic results were tied to the gravity model as a control.
crust extending from the base of the Indian Rise to the SW margin of the Laxmi Ridge. Line N is based on a section of Conrad 1707 data and transects the SE-trending arm of the Laxmi Ridge and the Line 4 runs in a SSW direction across the northern segment of the Laxmi Ridge and is shown in Fig. 6(d) at the same scale Basin extending to the shelf break, similar to line N. Both models (Fig. 6a,b ) require a significant thinning of the crust as line N. The gravity profile extends from oceanic crust at 17.4°N to 20.5°N, some 100 km south of the Indus Basin. The beneath the thick sediments of the Indus Basin, but this is poorly constrained in terms of thickness and velocities, and profile is then extended onto the Pakistan shelf, again using satellite and published regional data. There is insufficient uses extrapolated sediment densities. In the absence of further controls this is beyond the scope of the model. seismic information in this area to determine how far the equivalent Laxmi Basin extends north of the E-W segment of It is not possible to correlate the structures from lines 4 and 5 with the Laxmi Basin on line N, and it is proposed that this the ridge towards the Pakistan shelf. Indeed it may be that the Laxmi Basin does not exist here at all! This is further complidifference is significant in the mode of rifting and initial seafloor spreading. The gravity modelling suggests that the two Laxmi cated by the presence of the Indus Basin, which in itself may reflect differences in the structure of the two ridge segments.
Ridge segments, trending E-W and NW-SE, have similar structures on different scales, and further supports the idea Fig. 6(d) interprets the profile with a narrow Laxmi Ridge/Basin complex. Although the scale of the corresponding that the Laxmi Basin may not extend between the E-W segment and the northern shelf where the thick sedimentary features is smaller than seen on line 5, the underplated 'root' of the ridge is again about 19 km. The Laxmi Spur is seen on Indus Basin exists. All the models include crustal underplating. The extent of this profile but shows no gravity anomaly.
Line 5 is parallel to, and some 30 km west of, line 4 and the underplating is difficult to constrain, as shown in Fig. 6 , but several recent publications support the existence of widewas compiled in the same manner. It is included to show an adjacent profile without the Laxmi Spur. It has been interpreted spread underplating on this margin extending some way beneath the Indian continental crust (Kaila et al. 1990; Pandey in two different ways: first (Fig. 6a) Pandey et al. 1996) . However, these and other published results for the Arabian Basin adjacent to the Laxmi Laxmi Ridge and Basin; and second ( Fig. 6b) with the Laxmi Ridge show no evidence for large-scale emplacement of under-MAGNETIC ANOMALIES plated material west of the margin (Naini & Talwani 1983) . The conjugate Seychelles margin (Fig. 7) Norton & Sclater 1979; Schlich 1982; Whitmarsh 1974) . In general, the E-W segment. Although the seismic results plot within the bounds of hotspot ridge profiles, the reconstruction constraints interpretations for the magnetic anomaly sequence 27-20 are in agreement, the more recent studies bringing detail to the preclude the existence of oceanic crust. We propose that the Laxmi Ridge and Basin consist of underplated and thinned identifications. Also, a more detailed picture of the segmentation of the crust, with five fracture zones in the Arabian Sea continental crust on the basis of the seismic sections and gravity modelling presented here. This places the ocean-(Anahita, Brahma, Ganecha, Shiva and Rudra from west to east), was proposed by Mercuriev et al. (1996) . The interpretcontinent transition on the seaward side of the Laxmi Ridge (Fig. 6) , coincident with the Laxmi Spur and a magnetic ations do differ for magnetic anomalies older than 27. Some authors propose that the oldest magnetic anomaly in the anomaly possibly indicative of a peridotite ridge. lineations caused by normal remanent magnetization formed anomalies that interfere with predicted sequences in an oceanic environment. For example, serpentinized peridotite found in at 20°S (Norton & Sclater 1979) . The Laxmi Ridge has lower background anomalies associated with it, plus lineations, albeit margin ridges off Iberia have a mean NRM of around 0.3 A m−1 and a mean susceptibility of 0.03 SI (Zhao 1996) . along the regional E-W trend. Miles & Roest (1993) explained the magnetic anomalies The large-amplitude anomalies landwards of anomaly 27 have often been related to seafloor-spreading anomalies and more adjacent to the Laxmi Ridge with a propagating spreading model beginning with anomaly 28. The more regional compirecently to anomaly 29R flanking a failed pre-break-up rift (Malod et al. 1997) . lation presented here suggests a simpler en echelon step of anomaly 27 southwards to accommodate the margin trend of Our interpretation of this margin requires these anomalies to be explained in the context of stretched continental crust the Laxmi Ridge, in agreement with Chaubey et al. (1998) . To the north, the location of the lineation interpreted by Miles and an OCT adjacent to the Laxmi Ridge. To achieve this the magnetic model of line 5 (Fig. 9 ) uses the crustal geometry & Roest (1993) as anomaly 28 corresponds in fact to the OCT. This is reflected in the depth-to-basement map (Fig. 3) and derived from the seismic constraints and gravity modelling with the NRM and susceptibility values appropriate for each from the gravity models (Fig. 6 ). For lines 5 and N, the lineation is associated with the negative gravity anomaly block (Hamano et al. 1990; Vandamme et al. 1991) . Continental crust is given a low induced magnetization, oceanic crust a resulting from the thickening of the crust.
Observed magnetic anomalies are shown with each of the 5 A m−1 remanent magnetization and the proposed serpentinized peridotite both of these. The presence of Deccan basalts gravity profiles in Fig. 6 . The lower background values over the Laxmi Ridge can be seen on line N but are less distinct on the margin, most of which are reversely magnetized ( Vandamme et al. 1991) , is assumed to explain other variations on lines 4 and 5. Many of the earlier publications on the age and origin of this margin have concerned which of the anomalin the observed anomaly field. The model is consistent with the Laxmi Spur being a peridotite ridge with a significant ies seen on the profiles from lines 4 and 5 have a seafloorspreading origin. In fact, these anomalies appear to be correcomponent of induced magnetization located at the OCT and potentially misinterpreted as anomaly 28. The other large lated with the basement topography and, as we will show below, they can be explained without using normal and reverse anomalies require a higher component of NRM to avoid anomaly skewness not seen in the observed profile. This agrees magnetizations of the crust.
A simple crustal magnetic model was constructed to explain with the proposal that these features can be explained as intrusions within thinned continental crust, and are not necesthe observed anomalies in terms of intrusives and serpentinized peridotites within the thinned continental crust instead of sarily seafloor-spreading anomalies from a pre-anomaly 28 rift (Malod et al. 1997) . Anomaly 27 then becomes the first seafloor spreading magnetic anomalies. Serpentinized peridotites are characterized by low Q ratios: the magnetic susceptiidentifiable seafloor-spreading magnetic anomaly, in contradiction to the conclusions of Chaubey et al. (1998) . bilities are higher than for normal oceanic basalts and induced magnetism becomes more important in peridotite bodies
Oceanwards of anomaly 27 we also studied seafloorspreading magnetic anomalies to understand better any (Hamano et al. 1990) . They can create significant magnetic possible relationship between the rifting tectonics and seafloor in Table 2 . It is clear that spreading at that time was highly asymmetric, more oceanic crust being formed in the Arabian fabric (Figs 5 and 7) . The identification of magnetic anomalies in the two conjugate basins is shown up to anomaly 22. Our Sea than in the East Somali Basin. For the whole time period, 544 km (46.9 km Ma−1) of crust was created in the Somali analysis of the shape and terminations of these anomaly lineations permit us to define segments separated by small Basin, compared to 760 km (65.6 km Ma−1) in the Arabian Sea. oblique offset structures (<50 km) in the Arabian Basin. This enables us to agree independently with the interpretation of DISCUSSION AND CONC LUSIONS Chaubey et al. (1998) that these are not fracture zones but pseudo-faults and that, contrary to suggestions in previous High degrees of serpentinization (70-80 per cent) can produce publications, no fracture zones exist in the Arabian Basin in material with P-wave velocities that give an impedance contrast crust of this age. These pseudo-faults appear to be continuous with sediment sufficient to be visible on seismic reflection for anomalies 24 and 23, showing a change in trend from records but with densities close to those of buried sediments WSW-ENE to N-S. Malod et al. (1997) shows three basement (Horen et al. 1996) . The Laxmi Spur is large for a peridotite structural lineations in the northern Laxmi Ridge, interpreted ridge, and peridotite ridges are unusual in the environment of as fracture zones, which have a trend between those of the a fast spreading centre. It has been shown above that other pseudo-faults.
low-density, strongly magnetized basement features with an Anomaly 22 is also associated with a change in the pro-E-W lineation occur at the southern termination of the Laxmi duction of oceanic crust, the spreading rates evolving from Ridge in association with an en echelon displaced anomaly 27 rapid to slow (Mercuriev et al. 1996) . The interpretations for along the margin. These non-seafloor-spreading anomalies also the Arabian Sea and the Somali Basin in Figs 5 and 7 show a occur north of the ridge, where they have been interpreted as complete magnetic anomaly sequence 27-23 on the western part of the seafloor-spreading fabric. We summarize our results sides of both basins. On the eastern sides we found only the as follows. anomaly 24-22 sequence. These sequences allow us to compute mean spreading rates in each of the basins using the magnetic (1) We have shown above that the magnetic anomalies in the Arabian Basin form clear magnetic lineations, some with timescale of Kent & Gradstein (1986) . The results are given an en echelon and generally overlapping style (Figs 5 and 8 ).
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The shapes and terminations of these anomaly lineations Barton, P.J., 1986 . The relationship between seismic velocity and permit us to define segments separated by small oblique offsets density in the continental crust-a useful constraint? Geophys. J. R.
that are not fracture zones but pseudo-faults. These pseudo- Asymmetric spreading has also generated less crust, and some spreading magnetic anomalies and paleo-propagators in the northanomalies are not evident (Fig. 7) . However, the structural nental overlap or excessive oceanic crust in reconstruction to Hinz, K., 1981 . A hypothesis on terrestrial catastrophes: wedges of the Seychelles Plateau. This is seen in anomaly 27 on both very thick oceanward dipping layers beneath passive continental margins. The change of spreading direction between anomalies margins, Geol. Jahrb. Reihe E, 22, 3-28.
